This paper presents an investigation of solar wind ion acoustic waves and their relationship to the macroscopic and microscopic characteristics of the solar wind plasma. Comparisons with the overall solar wind corotational structure show that the most intense ion acoustic waves usually occur in the lowvelocity regions ahead of high-speed solar wind streams. Of the detailed plasma parameters investigated, the ion acoustic wave intensities are found to be most closely correlated with the electron to proton temperature ratio Te/Tp and with the electron heat flux. Investigations of the detailed electron and proton distribution functions also show that the ion acoustic waves usually occur in regions with highly nonMaxwe!lian distributions characteristic of double-proton streams. The distribution functions for the double-proton streams are usually not resolved into two clearly defined peaks, but rather they appear as a broad shoulder on the main proton distribution. Two main mechanisms, an electron heat flux instability and a double-ion beam instability, are considered for generating the ion-acoustic-like waves observed in the solar wind. Both mechanisms have favorable and unfavorable features. The electron heat flux mechanism can account for the observed waves at moderate to large ratios of Te/Tp but has problems when Te/To is small, as sometimes occurs. The ion beam instability appears to provide more flexibility in the T./To ratio; however, detailed comparisons using observed distribution functions indicate that the ion beam mode is usually stable. Possible resolutions of these difficulties are discussed.
INTRODUCTION
Plasma wave observations on the Helios and Voyager spacecraft [Gurnett and Anderson, 1977; Gurnett and Frank, 1978 ; Kurth et al., 1979] have demonstrated that short-wavelength electrostatic waves are frequently present in the solar wind at frequencies between the ion and electron plasma frequencies, f.+ < f < f.-. The primary characteristics of these waves are that they occur in brief monochromatic bursts with a rapidly varying center frequency. The frequency spectrum of these bursts varies systematically with radial distance from the sun, as is illustrated in Figure 1 , decreasing in frequency with increasing radial distance. The upper and lower frequency limits of the spectrum are approximately f.+ and f.-. The electric field of the waves tends to be aligned along the direction of the solar wind magnetic field, within approximately 15 ø or less. The waves tend to occur in distinct 'storms' lasting from a few hours to several days, separated by intervals of a few days during which little or no activity is detected.
Only three types of plasma wave modes are known which can account for the characteristics of the electrostatic waves detected by Helios and Voyager. These modes are the Buneman mode [Buneman, 1958] ments of Gurnett and Frank [1978] , who showed that the observed wavelengths provide the correct Doppler shift to account for the observed frequency spectrum. In this case the fact that the frequency spectrum falls in the range f.+ < f < f.-is purely coincidental, since the overall proportionality to f.+ and f.-can be explained in terms of the density dependence of the Debye length Xo, which determines the minimum wavelength and the maximum Doppler shift. Electron plasma oscillations, Doppler shifted downward in frequency, are not considered a very likely possibility for explaining these waves, since such oscillations could only be excited by relatively energetic particles streaming back toward the sun, which have not been observed. Similarly, the Buneman mode is not considered a very likely possibility because of the very large relative drift velocities, and hence currents, which are required to drive this instability. Although a complete understanding of the instability mechanism and mode of propagation has not yet been achieved, we will continue to refer to these waves as ion acoustic waves, following our previous terminology. The primary objective of this paper is to present a study of the relationship between the interplanetary ion acoustic waves detected by H elios and the macroscopic and microscopic characteristics of the solar wind plasma. For details of the Helios 1 and 2 plasma wave and plasma instruments used in this study, see Gurnett and Anderson [1977] , Schwenn et al. [1975] , and Rosenbauer et al. [1977] . Special emphasis is placed on determining which plasma parameters play the primary role in controlling the intensity and occurrence of ion acoustic waves in the solar wind. Because it is well known that the ion acoustic instability is very sensitive to the electron to ion temperature ratio [Stix, 1962] tions are also examined to try to establish the source of free energy which drives the ion acoustic waves. Both the electron heat flux mechanism of Forslund [1970] and the double-ion beam mechanism of Gary [1978a] are considered.
RELATIONSHIP TO SOLAR WIND STREAM STRUCTURE
To investigate the relationship between periods of enhanced ion acoustic wave activity and the large-scale corotational structure of the solar wind, a series of combined plots of the plasma wave and plasma data have been made for each solar rotation during the Helios 1 and 2 mission. Three representative plots of this type are shown in Figures 2, 3 , and 4. Each plot shows one complete solar rotation. The abscissa is the Carrington longitude of the spacecraft. The day number and heliocentric radial distance are also shown for reference at the bottom of each plot. The top panels give the proton flow speed V,, density n,, and temperature T, as obtained from the MaxPlanck plasma instrument. The middle panels give the electric field intensities from the University of Iowa plasma wave instrument in 11 frequency channels extending from 311 Hz to 100 kHz. The solid line in each channel gives the peak electric field intensity, and the vertical bars (black areas) give the average electric field intensity. The dynamic range for each channel is 100 dB, extending from about 10 -6 to 10 -i V m -1. The bottom panels give the electron heat flux Qe (in units of ergs cm -•' s -1) and the electron to proton temperature ratio Two types of waves can be identified in the electric field measurements of Figures 2, 3, and 4: (1) ion acoustic waves in the frequency range from about I to 10 kHz and (2) narrow band electron plasma oscillations in the frequency range from about 31.1 to 56.2 kHz. Both the ion acoustic waves and the electron plasma oscillations vary considerably during a solar rotation, Usually, two or three periods of enhanced ion acoustic wave activity occur during each solar rotation, separated by periods of relatively low intensity. The periods of enhanced ion acoustic wave activity usually last from a few hours to several days and are most pronounced in the peak intensity measurements. It should be noted that the peak intensity measurements, which are computed over time intervals of 36.0 min, are extremely sensitive to even very low levels of activity, since even a single burst of noise with a duration greater than 50 ms during any 36.0-min sampling interval will be indicated. Even to 1130 UT on day 74, immediately after the stream interface but before the proton flow speed has reached its maximum value. Electron plasma oscillations are also evident in this same region.
CORRELATION WITH te/tp
A we!l-known characteristic of the ion acoustic mode is that the damping, and hence stability, of this mode is strongly influenced by the electron to ion temperature ratio Te/T, [Stix, 1962] . For values of Te/T• less than 1, the phase velocity of the ion acoustic mode is comparable to the thermal velocity of the ions, and the wave is strongly damped by Landau damping. As T•/T, increases above 1, the phase velocity increases, and the number of resonant ions, and hence the damping, rapidly where k is Boltzmann's constant, m is the particle mass, and U is the bulk velocity. Since the solar wind ion acoustic waves are known to be propagating approximately parallel to the magnetic field, ideally one should use the temperature parallel to the magnetic field. However, since the angular field of view of the electron instrument is restricted to a 18 ø wide disk in the ecliptic plane, it is not possible to measure parallel electron temperatures if the magnetic field is more than about q-10 ø from the ecliptic plane. To provide the best estimate of the parallel temperature, the electron temperature has been computed along a direction parallel to the projection of the magnetic field in the ecliptic plane. The proton temperature has been computed along the spacecraft-sun line. Comparison with the temperature tensor resulting from a complete analysis of the three-dimensional proton measurements shows reasonable agreement provided the B vector is within a 45 ø cone around the radial direction. In addition, since the temperature anisotropies are normally less than a factor of 2, the errors introduced by this simplified analysis are not expected to be large. In any case, these temperatures are considered adequate for this initial survey. More detailed analyses of the electron and proton distribution functions for a specific case are pre- The Te/T, correlation described above also fits in well with the overall morphology of the ion acoustic wave activity and the relationship to the high-speed stream structure discussed in the preceding section. A well-established observational feature of the solar wind plasma flow is that the proton temperature tends to be largest in the high-speed streams and drops substantially in the low-speed regions [Hundhausen, 1972] :.-'•..'a,,•-•------•..-.,•,...-• The good correlation of the ion acoustic wave intensities with the electron heat flux and with Te/T, provides substantial support for the suggestion of Forslund [ 1970] that ion acoustic waves could be driven unstable in the solar wind by the electron heat flux. As was pointed out by Gary [1978a] , the principal difficulty with the electron heat flux mechanism is that for typical values of Te/T, the relative drift velocity induced between the core electrons and the solar wind protons is too small to drive the ion acoustic instability. If we take favorable cases, such as the case in Figure 6 at about 1800 UT, where Tel T o -• 10, then it can be demonstrated that the ion acoustic mode is very close to instability. For example, by using the measured electron heat flux Qe, the relative drift velocity v0c between the core electrons and the solar wind protons can be estimated by using equation (4) The frequent observation of double-proton streams in association with the solar wind ion acoustic waves also gives substantial support for the proposal of Gary [1978a] that these waves are produced by an electrostatic double-ion beam instability. However, detailed modeling calculations using the observed proton distribution functions show that it is difficult to satisfy the instability criterion for the ion beam mode. The basic reason for this difficulty is that the double-proton streams usually are not well enough resolved to produce a twostream instability. Typically, the proton beam only appears as a shoulder on the main proton distribution as in Figure 12 . The absence of a clearly defined double peak probably cannot by itself be taken as evidence against this mechanism, since the instrument resolution of about 30 km s -• may in some cases smear out the minimum between the two peaks. Also, waveparticle interactions may act to fill in the minimum in such a way as to produce a marginally stable distribution. If we ignore the fact that the minimum usually does not exist and try to fit observed proton distributions to two Maxwellians, some rough comparisons can be made with Gary's instability threshold calculations. For example, the two M axwellian distributions indicated by the dashed lines in Figure 10 give a ratio of the beam density to the main stream density of no/n• = 0.03, a ratio of the beam temperature to the main stream temperature of To/T,• = 1.1, a ratio of the electron temperature to the main proton stream temperature of Te/T• = 6.67, and a ratio of the beam velocity to the main stream thermal velocity of Vol V• = 3.0. Comparison of these parameters with the ion beam instability calculations in Figure 4 of Gary [1978a] shows that the ion beam mode should be stable for these conditions. These results are in agreement with the recent comparisons of Lemons et al. [1979] , in which it was also concluded that the ion beam mode is stable, although not by a large factor. The main advantage of the ion beam instability in comparison to the electron heat flux instability is that for a given Te/T•, the ion beam instability can occur at a lower relative drift speed between the core electrons and the main proton stream. In this sense, the ion beam mode seems to offer the best possibility for explaining the existence of these waves, although the detailed reasons for the discrepancy in the instability threshold are not understood. Many possible explanations for the observed discrepancies can be offered, including, for example, the occurrence of small-scale spatial irregularities in the proton distribu-tion function which cannot be resolved or large velocity space irregularities in the beam which cannot be detected by the plasma analyzer.
Because of the uncertainties in establishing the mechanism responsible for the interplanetary ion acoustic waves, other possible sources of free energy should be mentioned which could possibly be responsible for these waves. One possible nonthermal effect which could have escaped observation by Helios is the low-energy (5 •< E •< 50 keV) protons observed by Frank [1970] in the interplanetary medium. These suprathermal proton streams occur sporadically for periods of a few days every few weeks, with a frequency of occurrence comparable to the solar wind ion acoustic waves. The possibility that such proton streams could cause the interplanetary ion acoustic waves is also supported by the fact that somewhat similar proton streams from the earth's bow shock, although of higher intensity, are known to produce waves similar to the ion acoustic waves detected by Helios far from the earth [Gurnett and Frank, 1978 The main difficulty with the double-ion beam mechanism is that the proton distributions usually do not have the clearly resolved double peak required for instability. This difficulty could be the result of insufficient velocity or spatial resolution to resolve the two peaks. It is also possible that more than one mechanism could be operative in the solar wind to produce these waves. From the electric field measurements alone it is impossible to distinguish between the various mechanisms which can produce electrostatic waves propagating parallel to the magnetic field with wavelengths near 2•rXo, since the large Doppler shifts essentially destroy all information on the frequency spectrum in the rest frame of the plasma. It is hoped that in the future, more detailed studies of the plasma distribution functions, and their implications with regard to the various instability mechanisms, will provide a definitive determination of the plasma instability mechanism responsible for these waves.
